The acute effects of reperfusion on myocardium reversibly damaged by 15 minutes of severe ischemia in vivo, were studied. Changes in the adenine nudeotide pool, cell volume regulation, myocardial calcium, and ultrastructure were studied at the end of 15 minutes of ischemia and after 0.5, 3.0, and 20 minutes of reflow. Before reperfusion, adenosine triphosphate and the adenylate pool decreased by 63% and 44% of control, respectively, and the adenylate charge was reduced to 0.65. After 3 minutes of reperfusion, the adenylate charge was restored to control by the rephosphorylation of adenosine mono-and diphosphate, but adenosine triphosphate was still reduced by 45%. Mild tissue edema was detected after 0.5 minute of reflow and persisted throughout 20 minutes of reperfusion. The increased tissue water was accompanied by a slight increase in sodium and a marked increase in tissue potassium. Although massive calcium accumulation develops when irreversibly injured tissue is reperfused, no calcium overload was detected during early reperfusion of reversibly injured myocytes. Reperfusion for 3 minutes exaggerated the mitochondrial swelling induced by 15 minutes of ischemia but after 20 minutes of reperfusion, myocardial ultrastructure was essentially normal except for rare swollen, or disrupted, mitochondria. Thus, the cellular abnormalities associated with brief periods of ischemia persist for variable periods of time after reperfusion of reversibly injured myocytes. First: although adenine nudeotide repletion occurs very slowly, the adenylate charge was restored after 3 minutes, indicating rapid resumption of mitochondrial adenosine triphosphate production. Second: caldum overload was not detected, but myocardial edema and increased potassium persisted throughout the 20 minutes of reperfusion. Third: the ultrastructural consequences of ischemia were nearly reversed after 20 minutes of reperfusion. (Circ Res 56: 262-278, 1985) 
ALTHOUGH reperfusion prevents the death of ischemic, but still viable (reversibly injured) myocytes, recent evidence suggests that the ischemic cells do not immediately return to their preischemic state. For example, they exhibit persistent depression of the adenine nudeotide pool (2Ad pool) (ReimeT et al., 1981a; Swain et al., 1982a Swain et al., , 1982b Kloner et al., 1983b) , persistent contractile dysfunction (Heyndrickx et al., 1975; Weiner, et al., 1976; Hess et al., 1979) and perhaps residual ultrastructural monuments to the ischemic episode (Kloner et al., 1983a) . With the advent of acute reperfusion therapy in man via lysis of arterial thrombi, better understanding of the response of reversibly injured myocytes to reperfusion is required. Moreover, changes exhibited during the early phase of reperfusion might provide dues to the nature of the molecular event or events which cause ischemic myocytes to die. In this study, we have investigated the effect of 0.5, 3.0, and 20 minutes of reperfusion on the adenine nudeotide pool, cell volume regulation, myocardial Ca ++ , and ultrastructure in myocardium previously injured by 15 minutes of severe regional ischemia in the openchest anesthetized dog.
The results show that, although adenine nudeotide repletion is slow, after 3 minutes of reperfusion, aerobic metabolism has resumed and has restored the adenylate charge, apparently by resynthesizing 0.6-0.8 jimol of ATP from the AMP and ADP of the damaged tissue. The reperfused tissue becomes edematous and gains both K + and Na + . However, although Ca ++ overload has been proposed as a potential cause of cell death or cellular dysfunction in ischemia (Shen and Jennings, 1972; Jennings et al., 1975; Farber and El-Mofty, 1975; Shine et al., 1978; Nayler et al., 1979; Bourdillon and Poole-Wilson, 1981; Farber, 1982; Jennings, 1984) , an increase in myocardial caldum was not detected after any of the periods of reperfusiori studied. Alterations in ultrastructure induced by ischemia essentially disappeared after 20, but not after 3 minutes of reperfusion. Thus, successful reperfusion salvages myocytes which almost have been killed by an episode of ischemia, but does not immediately restore the damaged myocytes to their control preischemic state. Metabolic, ionic, and ultrastructural defects persist in the damaged myocytes for variable periods of time.
Methods
Healthy mongrel dogs of either sex and weighing 30-40 pounds were used. Each dog was anesthetized with 30-40 mg/kg of sodium pentobarbital and was intubated and ventilated with room air on a Harvard model 607 respirator at a rate of 200 ml/kg per min. The respirator rate was adjusted, and supplemental oxygen was given to maintain arterial blqod gases at physiological levels. Using a Gould model 2400 N recorder, lead II of the electrocardiogram was monitored and peripheral blood pressure was recorded with a Statham model DB23 pressure transducer connected to a polypropylene catheter in the right femoral artery. A left thoracotomy was done, using aseptic techniques, and the circumflex artery was isolated beneath the left atrial appendage.
Twenty-seven dogs were subjected to 15 minutes of ischemia induced by occluding the circumflex artery with a silk snare. Twenty-six dogs survived the period of occlusion, and three of these were studied without reperfusion. Of the remaining 23 dogs, nine survived reperfusion without fibrillating. Of these, five were studied after 3 minutes, and four after 20 minutes of reperfusion. The remaining 14 dogs developed ventricular fibrillation (VF) upon reperfusion, so-called reflow VF. We attempted to defibrillate the first nine of these dogs, of which only one attempt was successful. These nine dogs have been excluded. No attempt was made to defibrillate the last five fibrillating hearts; these five hearts were excised very quickly with a cut across the base of the ventricles and were placed in ice-cold KC1 within 8 seconds of the onset of VF. Each of these five dogs had developed VF between 20 and 30 seconds, and they have been combined to form an early reperfusion group. The same rapid excision technique was used in three dogs in the permanent ischemia group, in three of five dogs in the 3-minute group, and in two of four dogs in the 20-minute reflow group. In the remaining dogs, cardiac excision was slower (15-90 seconds).
The ultrastructural changes associated with permanent ischemia or ischemia with brief reperfusion were assessed in all of the hearts included in this experiment. Nonischemic control myocardium also was examined by electron microscopy in all hearts in this study. Previously unreported ultrastructural data from nine dogs subjected to 60 minutes, 24 hours, or 4 days of reperfusion also are included in this paper. The metabolite data from the latter experiments, the design of which was identical to the studies reported here, have been reported previously (Reimeretal., 1981a) .
Areas which were severely ischemic, or which had been severely ischemic, were identified by injecting intravenously, the fluorescent dye thioflavine S (TS) (1.0 ml/kg of a freshly centrifuged 4% solution in normal saline), 10-15 seconds before excision of the heart (Jennings et al., 1978) . In the reperfusion groups, the circumflex artery was reocduded just prior to administration of the dye. Ten seconds after TS injection, each heart was excised quickly and was cooled rapidly with stirring in 750 ml of ice-cold (0°C) isotonjc KC1. The atria and ventricles were opened widely after the first minute of cooling to assure rapid cooling of the endocardial region. After cooling to 10-15°C, the heart was removed from the cold KC1 and placed undeT ultraviolet light to distinguish between nonischemic or mildly ischemic (TS fluorescent) and severely or totally ischemic (non-fluorescent) areas of the anterior and posterior papillary (AP and PP) muscles, respectively. Only non-fluorescent areas of the posterior papillary mus-263 de were induded in ischemic samples; contamination of samples by non-ischemic or mildly ischemic tissue was thereby avoided. This sampling technique can be done quickly enough to permit accurate measurements of the adenine nudeotide pool, but does not preserve the creatine phosphate content of ischemic tissue (Jennings et al., 1978) . In all samples, any attached endocardium or epicardium was removed.
Thioflavine S (TS) could not be used for sampling in dogs which developed VF; ischemic tissue in these dogs was obtained from the upper one-half (portion to which chordae tendinae are attached) of the PP musde based on the distribution of ischemia observed in prior experiments using the thioflavine S technique. Nonischemic samples were obtained from the mid-portion of the AP musde.
Adenine Nudeotides
Two myocardial slices from each papillary musde were used for adenine nudeotide assays. Each was weighed quiddy on a Cahn model DTL microbalance and transferred to 3.6% ice cold (0°) perchloric add. The entire process of slicing and weighing the cold tissue took 30-60 seconds. The slices were homogenized with a Tri-R homogenizer and centrifuged. The supernatant was neutralized to pH 5.0 to 6.0 with K 2 CO 3 and KOH, and was frozen. Later, the samples were centrifuged to remove KQO« and were assayed either by enzymatic methods or by high pressure liquid chromatography (HPLC). Enzymatic methods for measuring ATP, glucose-6-phosphate (G-6-P), creatine phosphate (CP), and lactate are those given in Jennings et al. (1978) . Adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), hypoxanthine (HX), xanthine (X), inosine (I), nicotinamide adenine dinudeotide (NAD), and adenosine (ADO) were measured by HPLC, by a modification of the methods of Anderson and Murphy (1976) . HPLC was performed with a Waters model 6000A solvent delivery system, a model 680 gradient controller, a model U6K sample injector system, an 8-mm (i.d.) X 10 cm /i-Bondapak reverse phase C18 radial pak cartridge (10 jun) in a Z-module (Waters), and a model 440 absorbance detector set at a wavelength of 254 jun. The flow rate was 0.5 ml/min. In previous studies (Reimer et al., 1981a) , an isocratic method using ammonium phosphate buffer (0.05 M, pH 6.0) was used; nudeosides, particularly adenosine, were eluted slowly and had broad peaks. To hasten the elution of adenosine and to sharpen peaks, the procedure was modified in this study by addition of methanol to the solvent. The extracts were chromatographed initially with a gradient controller to change the mobile phase from 100% ammonium phosphate buffer to 95% ammonium phosphate buffer and 5% methanol after 5 minutes. The gradient had a concave shape, with half of the change occurring in the last minute. ATP was eluted first, between 2 and 2.5 minutes, when there was virtually no methanol present. ADP was eluted shortly after ATP, followed by HX, X, AMP, I, NAD, and ADO. However, in many instances, the I and NAD peaks overlapped. Therefore, the chromatography procedure was refined further to separate I and NAD. The proportion of methanol was increased from 0% to 2% during the first 5 minutes with a concave gradient; the composition of the mobile phase was maintained at 2% methanol from 5 minutes to 12 minutes; and the proportion of methanol was increased from 2% to 8% between 12 and 15 minutes with a concave gradient. This modification resulted in good separation of I and NAD and a sharp ADO peak at approximately 18 minutes. WheTe there was sufficient extract remaining after the enzymatic assays and the initial chromatography, repeat chromatography was performed to measure I. Levels of the nucleotides in the repeat chromatograms were indistinguishable from those found in the original chromatograms. A standard solution of each compound was prepared and the concentration was determined with a Gilford model 250 spectrophotometer by ultraviolet absorbance at the wavelength of the molar extinction coefficient. The concentrations of nucleotides, nudeosides, and bases in tissue samples were determined using a Waters data module to calculate peak areas. The data module was calibrated with the standard solutions, and the peak areas in tissue samples were converted to tissue contents using the ratio of concentration to peak area in the standard. Inosine contents were determined by direct measurement using the modified HPLC procedure and by calculation from the combined I and NAD peaks. Subtraction of the I + NAD peak area in nonischemic tissue from the corresponding peak area in ischemic samples from the same heart provided an estimate of the increase in I content in the ischemic tissue. This calculation is valid as long as NAD content is constant. In this and previous studies , when NAD was measured separately from I, brief periods of ischemia with or without reperfusion had no effect on tissue NAD content. Tissue nucleotide, nucleoside, or base contents were expressed as /imol/g wet weight, and the total adenine nucleotide pool (2 Ad) was calculated as the sum of ATP, ADP, and AMP content. Each extract was chromatographed one to three times, and mean values for each sample were calculated.
Total Tissue Water and Electrolytes
Total tissue water (TTW) was measured in four to six additional slices of each papillary muscle and subjacent tissue. These slices were weighed and then dried overnight at 105°C. The dry slices were reweighed and the TTW was expressed as ml H 2 O/100 g dry tissue.
Electrolytes were extracted from each of two dried slices in 5 ml of 0.75 N HNO3, according to techniques described previously (Jennings et al., 1978) . Briefly, Mg ++ , Na + , and K + were determined in a dilution containing 5000 ppm of RbCl. Ca ++ was determined in a one to ten dilution containing 10,000 ppm La*" 1 " 1 ". These dilutions were done in ion-free glassware, verified prior to use to have no detectable sodium. All four electrolytes were measured with an IL 351 atomic absorption spectrophotometer interfaced with a Tektronix model 31 computer calculator. Standard curves were prepared for all four ions, and two standards and two reagent blanks weTe analyzed with every series of unknowns. Electrolyte contents were expressed as mmol/100 g dry tissue.
Estimation of Calcium and Plasma Content of Normal and Damaged Myocardium with "Ca
In some dogs, approximately 5.0 /id of 123 I-labeled human serum albumin (RISA) (Mallinckrodt) was injected intra-arterially 50 minutes before coronary occlusion to estimate the content of plasma/g wet heart. This was done so that tissue calcium content could be corrected for possible changes in the vascular space of the damaged tissue which might be increased because of reactive hyperemia during reperfusion.
Twenty-five minutes after injection of RISA (and 25 minutes before coronary occlusion, 50-100 jiCi of Circulation Re«earch/Vol. 56, No. 2, February 1985 45 CaCl 2 was injected with 5.0 ml normal saline intraarterially. Blood samples were taken at 5 and 1 minutes prior to occlusion and 5, 10, and 14 minutes after occlusion. In the 20-minute reflow group, additional blood samples were taken after 10 and 19 minutes of reperfusion. Serum samples were counted immediately for 125 I albumin and for *'Ca according to the methods described below. (Virtually all of the plasma "Ca and 12S I activity was found in the serum.) A least square regression line was used to estimate exact plasma activity of RISA at the time the myocardium was sampled.
Following ischemia with or without reperfusion, the heart was excised as described above. After sampling for metabolite analysis, additional samples were weighed and were placed in a gamma counting tube to determine RISA activity or were dried to constant weight for water and electrolytes or 4! Ca assays.
The tissue and plasma RISA activity was counted in a model 5912 Packard multichannel gamma counter. Tissue samples weighing from 0.04-0.50 g were used and appropriate background corrections made. The amount of plasma trapped in the myocardium then was expressed in ml plasma/g wet weight.
Electrolyte or 45 Ca assays were done on samples of damaged and control myocardium weighing between 0.030 and 0.125 g. The samples were placed in thoroughly washed and rinsed (deionized water) scintillation vials (Scientific Products) and were dried to constant weight. The TTW was measured in 3-6 samples from nonischemic and damaged areas in each heart. The dried tissue for 4! Ca activity measurement was solubilized with 1.0 ml of Soluene 350 (Packard), and 4! Ca activity was counted in a Packard model 3255 liquid scintillation counter using data from an automatic external 226 Ra source to convert cpm to dpm. The 45 Ca activity in 1.0 ml of serum was determined using 0.1-ml aliquots of serum solubilized with 1.0 ml of soluene. The logarithmic curve of decreasing 4 'Ca concentration was plotted, and the plasma "Ca activity at the time of coronary occlusion and at the termination of the experiment was estimated from this curve. The 4! Ca channel on the scintillation counter was set to minimize contamination from 125 I in the samples.
The 45 Ca activity in myocardium was referred to the plasma activity of 4 Ca/ml plasma. After 25 minutes, 4S Ca had fully equilibrated between the serum and myocardial pools, even though the activity of 4! Ca in both compartments declined slowly (Shen and Jennings, 1972b) .
Tissue 45 Ca content was corrected for plasma trapped in the tissue, as follows. The plasma-free tissue content of 4S Ca activity per gram wet weight was calculated by subtracting plasma 4! Ca activity in the tissue from the total tissue Ca activity. This calculation was done using the plasma content per gram of tissue measured with RISA in each sample and the known 45 Ca activity/ml of plasma at the time of sampling. Tissue 45 Ca activity then was normalized to plasma activity.
Ultras tnicture
Thin slices of nonischemic AP and of severely ischemic or ischemic reperfused PP were processed for electron microscopic examination using techniques previously described (Jennings et al., 1978) . Briefly, multiple cubes measuring 1 mm or less in diameter were cut under glutaraldehyde with a sharp razor blade and were transferred to 20-30 ml of 4% glutaraldehyde in 0.1 M cacodylate buffer. After 1-4 hours of fixation, the blocks were post-osmicated, dehydrated in a graded ethanol series, rinsed in propylene oxide, and embedded in Epon 812. Thick sections from six or more blocks of control and damaged tissue were examined by light microscopy. Ultrathin sections were cut from at least three representative blocks of each slice of control and damaged tissue, were stained with uranyl acetate/lead citrate, and were examined in a Hitachi HS-8 electron microscope. At least three grids from each block were examined and the changes recorded. Representative areas were photographed.
Statistics
Tabulated results are reported as means ± SEM. For each experimental group, differences between nonischemic vs. ischemic or ischemic/reperfused samples within the same heart have been analyzed by Student's paired f-test. In addition, where indicated, differences between experimental groups were analyzed by one-way analysis of variance to determine whether the groups are significantly different, followed by individual comparisons using Student's paired or nonpaired f-test.
Results
All dogs reported in this paper developed evidence of regional ischemia within 20-30 seconds after the occlusion of the circumflex artery. These changes included cyanosis of the circumflex vascular region, mild to marked elevation of the S-T segment in lead II, and a mean decrease in systolic pressure of about 10%. Most dogs developed multiple premature ventricular contractions (PVC) beginning 12-13 minutes after occlusion which persisted with variable intensity through the 15th minute. Reperfusion was associated with disappearance of cyanosis and the appearance of a hyperemic blush.
The ischemic or reperfused tissue was grossly indistinguishable from control myocardium. How-265 ever, following injection of thioflavine S 10-15 seconds before excision of the heart, the zone of severe ischemia was detected easily as dark nonfluorescent tissue when illuminated with ultraviolet light. (In the reperfused hearts, the circumflex artery was reocduded during the thioflavine injection.) The nonfluorescence invariably was subendocardial and sometimes extended into the midmyocardium or was transmural. In about 20% of hearts, the tip of the AP and some of the subjacent free wall of the left ventricle also was severely ischemic. However, this ischemic tissue always was excluded from the AP samples used as nonischemic control tissue.
Metabolites and Adenylate Charge Late in the Reversible Phase of Severe Ischemia and after Brief Periods of Reperfusion
Fifteen minutes of severe ischemia caused marked depletion of the ATP and 2Ad pool (Tables 1 and  2 ). The individual ATP levels after 15 minutes of ischemia in 11 dogs reported earlier (Reimer et al., 1981a) , are plotted in Figure 1 together with the results from the three dogs added in the present study. The ATP averaged 2.06 ±0.166 /tmol/g wet weight (range 1.16-3.26); the mean reduction in ATP in these 14 hearts was 63%.
Reperfusion for 3 or 20 minutes permitted repletion of ATP from ADP and AMP and the adenylate charge (AC) was restored to control levels ( Table 2) . The mean increase in ATP after 3 minutes of reperfusion was 0.8 /xmol/g wet heart and was correlated with a decrease of 0.4 jtmol/g of ADP and 0.5 /miol/ g of AMP. After 20 minutes of reperfusion, the increase in ATP was slightly greater but the difference between 3 and 20 minutes of reperfusion was not statistically significant. In previous studies, fur- Metabolite levels were measured by enzymatic techniques. AP •» nonischemic anterior papillary muscle; PP = ischemic myocardium or ischemic-reperfused myocardium from the posterior papillary muscle. The results are means ± SEM. Statistical comparisons between control and damaged tissue from the same hearts were made using a two-tailed paired f-test. a: P < 0.05; b: P < 0.01; c: P < 0.001 as compared with nonischemic values. One-way analysis of variance for the PP metabolites shows that the groups are significantly (P < 0.005) different and non-paired f-tests were used to compare the nonreperfused group to the groups with reperfusion and to compare groups with 3 vs. 20 minutes of reperfusion. The increase in ATP and decrease in lactate induced by 3 or 20 minutes of reperfusion was significant (P < 0.001) vs. the effects of 15 minutes of ischemia without reperfusion. There was no significant change in these metabolites between 3 and 20 minutes of reperfusion.
* Numbers in parentheses ™ number of dogs in each group. Nonischemic control tissue was taken from the anterior papillary muscles, and ischemic or reperfused ischemic samples were obtained from the posterior papillary muscles in the same 21 hearts as in Table  1 . The control samples from one heart were lost in processing. The control values were pooled because they were virtually indistinguishable. All results are means ± SEM. One-way analysis of variance demonstrated significant (P < 0.005) differences between the five experimental groups for each metabolite. Individual comparisons were performed by Student's non-paired (-test, a: P < 0.05, compared with control (nonischemic) values; b: P < 0.01, compared with control; c P < 0.001, compared with control; ±P< 0.05, compared with 15 minutes of ischemia and no reflow (15 + 0) values; e: P < 0.01, compared with 15 + 0; f. P < 0.001, compared with 15 + 0. There is no significant difference in any of these parameters between 3 and 20 minutes of reperfusion. AC (adenylate charge) ~ (ATP + 1/2 ADP)/XAd; £Ad «, A xp + ADP + AMP; ADO -adenosine; I = inosine; HX -hypoxanthine; X -xanthine; ENS -ADO + I + HX + X; ND = none detectable.
• Control nonischemic. t Numbers in parentheses = numbeT of dogs in each group. 11: In many of the initial chromatograms, there was overlap between I and NAD. As described in Methods, a slight modification in the HPLC procedure improved the separation. Where sufficient extract was available, I was remeasured using the modified procedure. This was possible in two 15 + 0 hearts, one 15 + 0.5 heart, one 15 + 3 heart, and three 15 + 20 hearts. Thus, seven control values were determined, and, in addition, there was previously reported data to compute 1 contents for the control and 1 5 + 0 conditions. These are presented in the table. For the other conditions, I values were calculated from the combined I and NAD peaks by subtracting the corresponding peak area measured in control samples from the same heart. Thus, these values are an estimate of the difference in inosine content between experimental and control tissue from the same heart, assuming that NAD content is constant. This assumption is warranted, since, in the hearts where NAD was measured, control and experimental tissue had the same amounts, which is in agreement with previous data . Comparison of I values calculated from the combined I and NAD peaks and I values measured by modified HPLC procedure shows good agreement, hi the 15 + 0 group, calculated I is 2.47 ± 0.15 and measured I is 2.36 ± 0.19; in the 15 + 0.5 group, measured I is 2.06; in the 15 + 3 group, measured I is 0.59; and in the 15 + 20 group, no I was detected in three samples.
ther restoration of the ATP that had been degraded to nudeosides and bases required at least 4 days (Reimer et al., 1981a) . Adenine nudeosides and bases were reduced by 3 minutes and were negligible after 20 minutes of reperfusion (Table 2) . Although the rate of adenine nudeotide repletion from nudeosides and bases is very slow, it is not possible to determine the rate of synthesis in the present acute studies because the period of reperfusion was too short.
Although the AC had recovered after 3 minutes of reperfusion, no significant change in the adenylate charge or in ATP of the damaged tissue was detected at 0.5 minute ( Table 2 ). The reason for the apparent lack of ATP production during the first 30 seconds is not known. The return of the S-T segment toward control, loss of cyanosis, and the increase in TTW, and sodium in the damaged tissue (Table 3) is evidence that reperfusion had occurred but the failure to wash out lactate and nudeosides and bases is evidence that early subendocardial reperfusion was sluggish or inhomogeneous (Tables 1 and 2) . Whether sluggish reperfusion and/or slow restoration of aerobic metabolism would have been observed in dogs which did not die of reflow VF is unknown. Although not statistically significant, the greater degree of adenine nudeotide depletion in the hearts that fibrillated may indicate either that the probability of reflow VF is greater when the degree of ischemia is greater or that VF accelerates adenine nudeotide breakdown.
NAD is a critical cofactor in glycolysis as well as in mitochondrial metabolism. This intermediate is known not to be broken down to a significant extent after as much as 90 minutes of total ischemia . In those samples in the present study where NAD was measured separately from I, neither ischemia nor reperfusion altered myocardial NAD content. et al, 1981a) . In all samples, the ATP was measured enzymatically. The reperfused tissue, taken together, clearly contained more ATP than the permanently ischemic tissue. The median ATP content of the permanently ischemic samples was about Z 0 nmol/ATP per g wet, whereas none of the reperfused samples were below this value.
Electrolyte Changes in Severely Ischemic Reversibly Injured Muscle with and without Reperfusion
Fifteen minutes of severe ischemia had no detectable effect on the TTW or ion levels of the myocardium (Table 3) . Although the ions may be redistrib- The ischemic and nonischemic tissue used are posterior and anterior papillary muscles, respectively, trimmed free of endocardium. All values are means ± SEM. One-way analysis of variance shows that there are significant differences in total tissue water (TTW) (P < 0.005), Na + content (P < 0.005), and K + content (P < 0.01) among the experimental groups. The control left ventricle water and electrolyte values were pooled because there was no significant difference between any of the groups. The statistics, however, are paired two-tailed /-tests run against individual nonischemic left ventricular values of the individual heart in each group, a: P < 0.05; b: P < 0.01; c: P < 0.001. The means of the water and electrolytes were essentially identical after 3 vs. 20 minutes of reperfusion. Although the number of hearts used for electrolyte analysis in the 15 + 0 group in this study is small, the same results are obtained if previous data-some of which were published elsewhere (Reimer et al., 1981a (Hirche et al., 1979; Hill and Gettes, 1980) , the data in Table 3 and Figure 2 shows that they neither leave nor enter the ischemic tissue during a brief episode of severe ischemia. We attribute this absence of shifts to the low collateral flow (Reimer and Jennings, 1979) . After 20-30 seconds of reperfusion, both tissue H2O and Na + increased. By the time 3 minutes of reperfusion had passed, FIGURE 2. The effect of various periods of reperfusion on TTW,  Na + , and tC in the damaged and control myocardium are  plotted as a function of the period of reperfusion. As expected,  because of the very low collateral flow in the PP, 15 minutes  of ischemia produced no change in TTW, Na + , or AC* (Whalen  et al., 1974) . After reperfusion, both Na* and H2O increased promptly and remained elevated. However, after 30 seconds of reperfusion, the K* of the damaged tissue was slightly lower than control (not significant). Thereafter, tissue K + rose to much higher levels than control. At 20 minutes, the injured tissue had restored its normal ultrastructurc and adenylate charge but still showed a marked increase in K* and smaller increases in Na + and H2O. In other studies (Reimer et al., 1981a) , these changes were still present after 60 minutes but not after 1440 minutes of reperfusion.
this small change was maximal (Fig. 2) and was on the order of 9% for water and 13% for Na + . K + , on the other hand, was decreased after 20-30 seconds of reperfusion and thereafter increased by a mean of 5 mmol/100 g dry weight. In experiments reported previously (Reimer et al., 1981a) , we found that the increase in K + persisted for 60 minutes but not for 24 hours of reperfusion. Data from three dog hearts. All samples are free of endocardium and epicardium. The subendocardial samples are from the posterior and anterior papillary muscles. The mid-myocardial and subepicardial samples are from the inner and outer one-half of the free wall of the left ventricle under each papillary muscle. The "Ca results have been corrected for the "Ca contributed by the plasma. TTW = total tissue water. All results are given as mean ± SEM. The probability that the means are different by a two-tailed nonpaired (-test is: a, P < 0.05 and b, P < 0.01. The water and ATP data show a transmural gradient of injury, with the subendocardial layer being the most injured and the mid-and subepicardial layers demonstrating progresively less injury. However, 4! Ca was not accumulated at any site in the damaged tissue. Plasma content was slightly increased in the ischemic-reperfused tissue as compared with control, but this change was not significant after 3 minutes of reperfusion. Plasma-free tissue Ca ++ was converted from units of tissue dpm per gram wet weight divided by plasma dpm/ml to mmol/100 g dry using a plasma calcium of 2.5 mM and the appropriate TTW for wet weight to dry weight conversion. Inclusion of plasma calcium would increase tissue calcium by approximately 0.05 mmol/100 g dry.
Although total tissue water was increased, at no time was there a significant increase in tissue Ca ++ . These chemical data fit well with the 45 Ca uptake data shown in Table 4 . Thus, there is no direct chemical evidence of an increased net uptake of Ca ++ occurring during short intervals of reperfusion of reversibly injured ischemic myocardium.
A partial explanation for the increased tissue water and variable shifts in electrolytes (Table 3) in the reversibly injured reperfused tissue is provided by analysis of the plasma content of the tissue. Reactive hyperemia could cause increased quantities of plasma and erythrocytes to be trapped within the tissue. In dogs subjected to 15 minutes of ischemia and 20 minutes of reflow, the mean plasma content was 22.4 ± 0.5 ml/100 g dry heart in the nonischemic AP and 32.5 ± 1.4 ml in the reperfused ischemic PP. This yields a mean increase of about 10 ml of plasma or 9.2 ml of H 2 O. Thus, about 26% of the 36 ml maximum increase in H2O detected in these experiments could be accounted for as increased plasma content of the damaged tissue. If one assumes that the capillary hematocrit in myocardium is 40% and that 80% of erythrocytes is water, then hyperemia could account for as much as 40% of the observed increase in TTW. However, little increase in plasma was observed after 3 minutes of reflow despite a large increase in TTW.
Similar calculations for the contributions of cations suggest that increases in Na + , Ca ++ , Mg" 1^, and K + of 1.4, 0.025, 0.02, and 0.04 mmol/100 g dry weight, respectively, could have occurred because of increased plasma in the tissue. These calculations do not take into account the contribution of erythrocyte cations. The maximum observed increase in mean Na + and K + in the damaged tissue was 3.0 and 3.7 mmol/100 g dry weight. Thus, only about 25-40% of the maximum increase in tissue water and Na + can be accounted for by reactive hyperemia; some of the Na + and much of the K + shifts must have occurred via a different mechanism.
45

Ca Distribution after 15 Minutes of Ischemia and Variable Periods of Reflow
The effect of 15 minutes of permanent ischemia on the 45 Ca activity in myocardium was assessed by injecting the isotope 25 minutes before occluding the circumflex artery, which allowed for equilibration between tissue and serum prior to the onset of ischemia. The heart was excised and 45 Ca activity was assessed in control and experimental tissue after 15 minutes of ischemia had passed. Since there is virtually no collateral flow to permit further equilibration between the severely ischemic papillary muscle and serum, the 45 Ca content of the ischemic myocardium was referred to the serum level with which this tissue was last in equilibrium, i.e., the serum 45 Ca at the onset of occlusion (25 minutes after 45 Ca injection), whereas the activity of 45 Ca in the nonischemic control tissue was referred to the level found at the time of excision (40 minutes after 269 45 Ca injection). No significant difference in 45 Ca activity between ischemic and nonischemic myocardium was detected. The damaged tissue contained 0.269 ± 0.007 and the control tissue 0.252 ± 0.003 dpm/g per dpm per ml plasma.
Reperfusion for 3 minutes resulted in no increase in 45 Ca activity in the damaged muscle (Table 4) . This conclusion was based on serum 45 Ca activity at the end of this brief period of reperfusion (rather than on the higher serum 45 Ca at the onset of occlusion). Thus, there was no detectable Ca ++ overload. Also, it took only 3 minutes of reperfusion for the damaged tissue to come into equilibrium with the new lower circulating level of Ca (Table 4 ). Instead of accumulating Ca ++ , the damaged myocytes lost more 45 Ca than they gained. Moreover, although there is a transmural gradient of ischemia (Reimer and Jennings, 1979) such that ATP depletion and cellular injury are increasingly more severe as one progresses from epicardium to endocardium (Table 4) , there was no accompanying gradient of Ca ++ activity in either the ischemic or nonischemic muscle.
infrastructure Late in Reversible Phase of Ischemia; Effect of Reperfusion
The changes found late in the reversible phase of regional ischemia without reperfusion have been summarized elsewhere Jennings et al., 1978) . Four dog hearts were studied in detail, and are reported in this paper. The changes observed in three of the four are typical of those seen previously (Fig. 3) ; however, one heart showed slightly more marked changes than those seen in the past (Fig. 4) . In all hearts, the ischemic tissue showed glycogen depletion, moderate margination of the chromatin of the nucleus, marked relaxation of myofibrils, and mild alterations in mitochondrial structure ( Figs. 3 and 4) . The matrix granules which were present in many of the mitochondria of control tissue were absent in the ischemic tissue; in addition, variable degrees of mitochondrial swelling with disorganization of the cristae, and a mild increase in the matrix space were detectable in a few mitochondria (Fig. 3) . However, most mitochondria were indistinguishable from those of control heart. In the fourth heart studied in this experiment, the mitochondrial swelling was much more marked (Fig. 4) . Virtually all mitochondria dearly showed an increase in the matrix space (Fig. 4B) , and mitochondria with disorganized cristae (Fig. 4B) or absent cristae were not uncommon (Fig. 4C ). An occasional tiny osmiophilic structure which might be an early stage of an amorphous matrix density also was present in the matrix space of some of the mitochondria. All hearts showed prominent I-bands and two of the four showed N-bands in the wide Ibands, a finding generally attributed to superstretching of the sarcomeres. In all cases, the sarcolemma was intact (Fig. 4C) .
The effect of reperfusion on the ultrastructural Fifteen minutes of ischemia with no reperfusion. The typical structural changes induced by 15 minutes of severe ischemia in the  projecting portion of the PP are shown in panel B, and should be contrasted to a representative nonischemic myocyte of the AP of the same heart  (panel A). Note that the chromatin of the nucleus (N) is peripherally aggregated in the ischemic tissue. Also, the sarcoplasm (S) of the damaged  myocyte is clearer than control and contains less granular glycogen. The cristae of the mitochondria (M) are densely packed in control; the matrix  is scanty and contains occasional tiny matrix granules (arrows), whereas the ischemic tissue shows an increased matrix space in some mitochondria,  as well as focal swelling (thick arrows). Although not illustrated in the ischemic tissue, the sarcolemma (SL) was indistinguishable from control.  The ATP of the ischemic tissue was reduced by 67% to 1.85 iimol/g wet. Glutaraldehyde osmium fixation. Panels A and B: 15,750 X. changes produced by ischemia was studied in five dogs given 20-30 seconds, five dogs given 3 minutes, and in groups of four dogs each given 20, 60, and 1440 minutes, and three hearts given 4 days of reperfusion. Twenty to 30 seconds of reperfusion had no significant effect on ultrastructure. On the other hand, 3 minutes of reperfusion (Fig. 5) increased the degree of swelling of many of the mitochondria. In addition, the nuclear chromatin of most damaged myocytes appeared to be more evenly distributed than it was at the end of 15 minutes of permanent ischemia. There still was less glycogen in the sarcoplasm than in the control tissue and the myofibrils remained relaxed. At the end of 20 minutes of reperfusion, the damaged myocytes were virtually indistinguishable from control. An occasional swollen mitochondria (Fig. 6 ) was the only monument to the episode of ischemia. Glycogen was present; the nuclear chromatin was evenly distributed, the myofibrils of some myocytes were contracted, while, in others, they were relaxed. Most mitochondria were indistin- A in this figure is a control nonischemic myocyte from Figure 3A. The nuclear chromatin (N) is evenly distributed; the myofibrils are contracted; the sarcoplasm (S) representative damaged myocyte is shown in panel B. The chromatin of the nucleus is markedly aggregated peripherally, as in Figure 3B. The  sarcoplasm (S) is clear and contains very little glycogen. The myofibrils are relaxed and contain N-bands (N) and prominent I-bands on either  side of the Z-line (Z). The sarcoplasmic reticulum (SR) is intact. The matrix space of virtually all mitochondria is increased, and the cristae are  occasionally disorganized (arrow). Panel C is a high power view of sarcolemma (SL) with an intact glycocalyx (CL) and plasmulemma (PL). Under  it are two swollen mitochondria (M). A structure at the arrow in one of the swollen mitochondria may be an early form of an amorphous matrix  density. The mitochondria in panel C are representative of the most severely involved mitochondria detected in this experiment in permanently  ischemic tissue. Glutaraldehyde fixation with post-osmication. Panel A-7,750x; panel B: 12,50OX; panel G 50,0OOX. studied showed this degree of change. Panel B is from the nonischemic AP of the same dog and is presented as a control to compare  to panel A. The appearance is similar to control tissue presented in Figures 3A and 4A. Glutaraldehyde fixation with post-osmication. Panel A:  7.750X; panel B: W,075x. guishable from control; no swelling persisted; the cristae were tightly packed and small matrix granules occasionally were detected.
FIGURE 4. Fifteen minutes of ischemia with no reperfusion. These micrographs illustrate the most severe ultrastructural changes observed in this experiment as a consequence of 15 minutes of severe low-flow ischemia. This heart had the lowest ATP and one of the highest lactate levels observed. Panel
the AP. The structure of this myocyte is virtually identical to that seen in
contains granular glycogen and dense mitochondria (M) as well as lipofuscin pigment granules (L). Dense matrix granules (thick arrows) are present in some mitochondrial profiles. A
FIGURE 5. Fifteen minutes of ischemia with 3 minutes ofperfusion. Each of the five hearts studied after 3 minutes of reperfusion showed changes similar to those illustrated in panel A. Marked swelling was noted in some mitochondria; those labeled M are representative of the badly swollen variety. The remaining mitochondria were less markedly involved. The chromatin of the nucleus (N) still is aggregated peripherally. The sarcoplasm (S) is less dense and contains little granular glycogen. The myofibrils are relaxed; they demonstrate large I-bands, in contrast to the myocytes of control, which are contracted. The damage shown in panel A is as marked as we observed after 3 minutes of reperfusion. Three of the five dogs
The changes found after 1, 24, or 96 hours of reflow were similar to those seen after 20 minutes of reperfusion. An occasional swollen mitochondrion still was present at 24 ( Fig. 7) or 96 hours.
The capillary endothelium at all times, whether at the end of 15 minutes of ischemia or after variable periods of reperfusion, was indistinguishable from control. Pinocytotic vesicles persisted and tight junctions remained intact. Granulocytes occasionally were noted in the lumen of capillaries, but not in the interstitial space. Adherence of the granulocytes to the endothelium was not detected in the sections. No granulocytes were seen in control tissue.
Discussion
The experiments reported in this paper were done to assess the response of severely ischemic myocytes which were on the verge of death, to reperfusion with arterial blood. It was known that reperfusion would salvage myocytes (Jennings and Reimer, 1982) ; however, the acute reactions occurring within them as they reverted from anaerobic glycolysis to aerobic metabolism and resumed life in a perfused, oxygenated environment were unknown or poorly understood. Figures 3A, 4A, and 5B. The chromatin of  the nucleus (N) is evenly distributed. An occasional swollen mitochondrion (M) is detected. The myofibrils are contracted. Panel B is a higher  power view of typical mitochondria; except for one swollen mitochondrion (arrow), they are indistinguishable from control. Note that there is  abundant glycogen in the sarcoplasm (S). Matrix granules (Mg) are present but tiny. Glutaraldehyde fixation with post-osmication. Panel Ai  7,000X; panel B: 13 ,000*.
FIGURE 6. Fifteen minutes of ischemia with 20 minutes of reperfusion. The lower power view (panel A) shows that the architecture of the myocytes is well preserved. Myocytes are virtually indistinguishable from the typical control myocytes shown in
Effect of Ischemia with or without Reperfusion on the Adenine Nucleotide Pool and Its Catabolites
In the experiments reported in this paper, the metabolite levels found after 15 minutes of ischemia, but immediately prior to reperfusion were in the range reported earlier (Jennings et al., 1978 Reimer et al., 1981a) . About 65% of the ATP was gone. ADP levels were depressed as well, and AMP more than doubled. As a result, the AC was markedly depressed and the total pool of adenine nucleotides was depressed to nearly 50% of control. More-over, the lost adenine nucleotides were accounted for as ADO, I, HX, and X. Finally, the lactate was increased to 30 /tmol/g. The above depletion of ATP was about two-thirds of the ATP depletion that has previously been associated with irreversible injury (Jennings et al., 1978) .
Many other investigators such as Kloner et al. (1983b) and Swain et al. (1982a Swain et al. ( , 1982b , have also observed rapid ATP depletion or adenine nucleotide depletion in myocardial ischemia. However, the degree of these changes varies as a function of intrinsic variation among animals and of sampling techniques. Even with the precise sampling employed in our study, the degree of depression of ATP varied from 50-80% and 2Ad from 40-60%. Additional variation may be induced if moderately ischemic or nonischemic tissue is included in the sample by blind biopsy procedures (Kloner et al., 1981; Swain et al., 1982a Swain et al., , 1982b Allison and Holsinger, 1983) . Any such contamination would increase the ATP level of the ischemic tissue. Studies based on cardiac biopsies have shown less marked metabolic changes compared to those reported in this paper (Swain et al., 1981; Heinrichs et al., 1983; Kloner et al., 1983b) . In one study, Allison and Holsinger (1983) have failed to find persistent depression in the 2Ad after 20 minutes of ischemia in the open-chest anesthetized dog when the biopsy technique was used for sampling.
Reperfusion of the ischemic myocardium for 20-30 seconds produced no detectable effects. The adenylate charge remained depressed. Tissue lactate, AMP, I, HX, etc., all remained high and the ultrastructure was unaltered. However, after 3 or 20 minutes of reperfusion, the AC had returned to control levels as a consequence of conversion of AMP and ADP to ATP. About 0.8-1.0 ^mol ATP was gained in the process. These results suggest that, even though adenine nucleotide content requires several days to recover completely (Reimer et al., 1981a) , mitochondria retain the capacity to quickly generate ATP from the ADP available for high energy phosphate (HEP) synthesis.
Circulation Research/Vol. 56, No. 2, February 1985 It is of interest that studies using implanted crystals to measure the contractile properties of the ischemic reperfused myocardium have shown that contractility is depressed for 24 hours or more after 5 to 15 minutes of ischemic injury (Heyndrickx et al., 1975; Weiner et al., 1976; Hess et al., 1979) . Although depressed ATP could be the explanation for the depressed contractility, Hoffmeister et al. (1983) have successfully accelerated ATP repletion during ischemia without accelerating recovery of contractile function. Thus, the explanation for the delayed recovery of contractility remains unknown. Other studies have shown that the reversibly injured reperfused tissue has markedly increased levels of CP (Swain et al., 1982; Kloner et al., 1983b; Allison and Holsinger, 1983) , an observation which indicates that net energy production in the damaged tissue exceeds energy utilization.
Changes in Myocardial Tissue Ca ++ Due to Ischemia with or without Reperfusion
Previous studies have shown that enormous increases in myocyte Ca ++ occurred when myocytes irreversibly injured by 40 minutes of ischemia were reperfused with arterial blood (Shen and Jennings, 1972a; Whalen et al., 1974) . The increases in Ca ++ occurred within 2 minutes (Whalen et al., 1974) , and were due chiefly to increased entry of extracellular Ca ++ into the sarcoplasm where it was actively accumulated by the mitochondria and was pretipi- (N) is evenly distributed. The mitochondria are similar to control mitochondria, but matrix granules were less prominent in the mitochondria of  the damaged tissue. A small para-mitochondrial vacuole is present adjacent to a mitochondrion to the left of the insert. Such vacuoles have been  observed in reversibly injured myocardium previously, but their significance is uncertain (Kloner et a/., 1983a) both control and damaged tissue. Occasional droplets (F) of triglyceride are detected, but they are not increased in amount in the damaged tissue.  Glutaraldehyde fixation with post-osmication. Panel A: 10,750x; Inset: 22,OOOX. tated as calcium phosphate (Shen and Jennings, 1972b) . This massive loading with calcium was detected by several techniques including: (1) direct measurement of the calcium content of the myocardium (Shen and Jennings, 1972a; Whalen et al., 1974) (2) detection of * 5 Ca accumulation from the plasma reperfusing the tissue (Shen and Jennings, 1972b) , and (3) ultrastructural studies which showed massive loading of calcium phosphate in the mitochondria of the damaged myocytes (Shen and Jennings, 1972a) .
FIGURE 7. Fifteen minutes of ischemia with 24 hours of reperfusion. Panel A shows a typical myoq/te of PP. Except for the occasional swollen (arrow) or disrupted mitochondrion (inset), this myocyte is essentially indistinguishable from the control myocytes. The chromatin of the nucleus
. The mitochondrion in the inset was the only damaged mitochondrion in another myoq/te. It contains prominent amorphous matrix densities (amd). Glycogen is prominent in
In contrast, previous studies have shown that myocardium injured by 15 minutes of ischemia and reperfused for 20 minutes with arterial blood neither loaded Ca ++ nor developed contraction-band necrosis (Reimer et al., 1981a) , a finding which suggested that badly damaged myocytes reperfused late in the phase of reversible injury either did not develop massive mitochondrial loading with Ca"*" 1 ", or that, if it did occur, it was transient.
In the present study^Ca was used as a more sensitive means to detect calcium uptake from the plasma pool (Shen and Jennings, 1972b) during the first few minutes of reperfusion. The sensitivity of this detection system for calcium uptake is not well defined, but the technique should permit detection of a 15-25% increase in the level of 45 Ca in the damaged myocardium (see Fig. 2 in Shen and Jennings, 1972b) . No such increase was detected. Since we failed to detect any increased entry of Ca ++ into badly injured myocytes, some of which were approaching the point of no return, after aerobic metabolism was restored (3 minutes of reflow), the results of our experiments do not support the idea that myocytes develop an inability to control Ca ++ homeostasis prior to the onset of irreversible myocardialischemicinjury (Jennings, 1984) . The absence of a generalized increase in net Ca ++ in the myocytes late in the reversible phase of injury does not rule out the development of defective Ca" 1 " 1 " homeostasis occurring after slightly more injury. However, we cannot answer the question of whether slightly more ischemic injury would be associated with entry of calcium into reversibly injured myocytes in the model used for these experiments because some of the myocytes become irreversibly injured and die after only another 4 to 5 minutes of ischemia (Jennings and Reimer, 1983) . A marked increase in calcium in a few dead cells could not be differentiated from a generalized increase in Ca ++ .
The massive Ca ++ entry observed in irreversibly injured cells is closely related to membrane damage. Neither membrane damage (Jennings et al., 1978; , nor Ca ++ entry was detectable at 15 minutes in our experiments. However, once severe membrane damage is present, the large downhill gradient for Ca ++ from the extracellular to the intracellular space plus the steady massage, by contraction, of the myocytes involved, would lead to the entry of much Ca ++ into the 275 sarcoplasm. After 40 minutes of ischemia, when many irreversibly injured myocytes are present, the 45 Ca activity can increase by 20 times during 20 minutes of reperfusion (Shen and Jennings, 1972b) . The increased intracellular Ca ++ causes massive contracture of the myofibrils and accelerates the evolution of the necrotic process Jennings, 1984) .
Most of the experiments in which Ca ++ entry has been shown to occur early in ischemia have employed hearts or portions of heart perfused in vitro under conditions of anoxia or with episodes of low or absent flow (ischemia) (Shine et al., 1978; Nayler et al., 1979; Bourdillon and Poole-Wilson, 1981) .
The results of these studies on perfused hearts are not necessarily comparable to those we have found in regional ischemia in vivo, because in vivo ischemia differs in a number of potentially significant ways from in vitro ischemia or anoxia. These include: (1) ATP and high energy phosphate depletion are more profound and more rapid in vivo than in vitro ; (2) extracellular oncotic pressure is maintained in vivo by protein in the capillaries and is virtually absent in vitro in hearts perfused with crystalloidal solutions; (3) much of the available extracellular Ca ++ is bound to protein in vivo, in contrast to its generally ionized state in crystalloidal solutions; and (4) the extracellular fluid volume available in severe or total ischemia in vivo is very much smaller than that found in the usual perfused preparation (Jennings et al. 1983b ). Thus, injury during in vivo ischemia may be different from injury during in vitro anoxia or ischemia. Furthermore, because tissue Ca" 1 " 1 " is very scant under control conditions but can increase by nearly an order of magnitude in irreversibly damaged myocytes, a modest increase in tissue Ca" 1^ could arise from either massive Ca" 1 "" 1 " uptake in a small proportion of lethally injured myocytes or slightly enhanced Ca ++ influx in all myocytes. These two mechanisms of Ca" 1 " 1 " gain cannot be distinguished unless a method is available to detect the fact that some myocytes are lethally injured. Therefore, the significance of the observed modest increases in tissue Ca" 1 " 1 " in the in vitro anoxia and ischemia models remains to be established, as does the relevance of these observations to cell injury in in vivo ischemia.
Effect of Reperfusion on Myocardial Electrolytes and Water
Following irreversible myocardial cell injury, the acute changes in myocardial ion and water content after reperfusion include massive swelling, marked accumulation of Na + , Cl~, Ca ++ , and phosphate, and loss of K + and Mg"^ (Shen and Jennings, 1972; Whalen et al., 1974) . The increase in Ca ++ is especially marked. The ion and water changes observed in the reversibly injured tissue reported in Table 3 were definite, but of much smaller magnitude, and sometimes were in a different direction. For example, there was a relatively small increase in Na + and TTW, no change in Ca ++ , and an unexpected increase in tissue K + . Thus, viable, but damaged, reperfused tissue has a characteristic electrolyte distribution which differs greatly from the changes seen in reperfused irreversibly injured tissue.
The slight but significant increase in TTW and Na + was partially accounted for by the increase in the quantity of plasma trapped in the hyperemic reperfused tissue. Based on the ultrastructural observations of mitochondrial enlargement and mild vacuolization of the sarcoplasm, it seems likely that some or much of the remainder of the increased TTW was due to intracellular edema. However, the cause of the intracellular edema is unknown. The cell swelling may be due to increased intracellular osmolarity due to the accumulation of lactate, H + , ADO, inorganic phosphate, glycolytic intermediates, etc., in the sarcoplasm prior to reperfusion. However, although increased intracellular osmolarity may explain the initial swelling, it will not explain the persistence of swelling, because the metabolites which could cause increased osmolarity are washed from the tissue by 20 minutes of reperfusion.
The explanation of the increased K + content of the tissue also is unknown. Together with the increase in TTW, it dearly is a highly characteristic feature of reperfused reversibly damaged myocardium. The change is transient; it persists for 60 minutes but not for 24 hours of reperfusion (Reimer et al., 1981a) . The increases in tissue contents of K + , as well as Na + , after 20 minutes of reperfusion can be accounted for without requiring any change in extracellular or intracellular concentration of either ion if 25% of the increase in TTW is extracellular and 75% is intracellular, assuming that extracellular volume is 20% of TTW in control myocardium. This is consistent with the measurements of plasma volume during reperfusion, which suggested an increase in extracellular volume of less than half of the increase in TTW. Alternatively, a K + overshoot could have occurred due to accelerated Na + , K*-ATPase activity occasioned by intracellular Na + accumulation during the period of ischemia. The data suggest that ion gradients are reestablished early during reperfusion of reversibly injured ischemic myocardium, but that abnormalities of cell volume regulation do not resolve as rapidly.
Ultrastructural Changes Due to Ischemia with or without Reperfusion
The ultrastructural changes observed after 15 minutes of ischemia varied from heart to heart. All hearts showed loss of glycogen, peripheral aggregation of nuclear chromatin, and generally mild mitochondrial changes. In some hearts, swollen mitochondria were prominent, whereas other hearts showed virtually all intact or only slightly swollen mitochondria. Irrespective of the condition of the mitochondria, fully developed amorphous matrix densities, which are a hallmark of irreversible injury, were absent. Circulation Research/Vol. 56, No. 2, February 1985 After 20 minutes of reperfusion, the ultrastructure of the damaged tissue essentially was indistinguishable from control. The only abnormalities detectable were occasional swollen mitochondria. The latter change apparently persisted for as long as 96 hours, since disrupted mitochondria, sometimes in lysosomes, still were detectable after this prolonged interval of reperfusion. Presumably, the abnormal mitochondria persisting in the reperfused tissue included some or all of the badly swollen mitochondria noted at the end of 3 minutes of reperfusion. The mitochondrial matrix granules that had disappeared after 15 minutes of ischemia were restored by 20 minutes of reperfusion with oxygenated blood.
The structural manifestations of reversible regional ischemia largely reflect the altered metabolism and contractile function of the tissue. Thus, loss of particulate glycogen in the sarcoplasm is a reflection of glycogen utilization, whereas stretching and the appearance of I-bands in the myofibrils are correlated with cessation of contraction of the ischemic tissue and paradoxical stretching of sarcomeres during systole. The explanation for the margjnation of the nuclear chromatin observed in ischemia is not known. This change was essentially reversed after only 3 minutes of reperfusion. AfteT 20 minutes of reperfusion, the nuclei are indistinguishable from control.
The mitochondrial changes of well developed acute irreversible ischemic injury in vivo include swelling, disorganization of cristae, and the appearance of mitochondrial amorphous matrix densities in virtually every mitochondrial profile . These changes are first detectable in a significant numbeT of cells when 92% or more of the ATP has been depleted and when anaerobic glycolysis is slowing or has stopped (Jennings and . In the experiments reported in this paper, 64% of the ATP was depleted, lactate accumulation had not reached maximum levels, and mitochondrial changes associated with irreversibility were not observed. Nevertheless, when ATP and lactate changes were marked, mitochondrial swelling was marked as well ( Fig. 4) . Conversely, less severe metabolic consequences of ischemia were associated with less severe mitochondrial swelling. Reperfusion produced transient swelling of virtually all mitochondria when ATP levels were low, and of a smaller number of mitochondria when ATP levels were higher. It is not known whether the swelling is related to ATP content per se, but it is known that mitochondrial volume regulation is an energy dependent process. Nevertheless, except for a rare disrupted mitochondrion, only 20 minutes of reperfusion are required to restore mitochondrial structure to normal.
No change in the ultrastructure of the plasmalemma of the reversibly injured tissue was noted, a finding which is consistent with the hypothesis that membrane integrity must be maintained if the my-ocytes are to survive 0ennings and . The hypothesis that reperfusion induces membrane damage by free radical production (McCord and Fridovich, 1978; Jolly et al., 1984) is not supported by our results, even though the conditions for free radical generation were optimal after 15 minutes of ischemia (e.g., via the action of xanthine oxidase on hypoxanthine). The tissue contained about 0.3 jtmol HX, and became hyperemic (well oxygenated) with the onset of reperfusion. Moreover, the HX was only slowly washed out by reperfusion. Nevertheless, no membrane damage detectable by alterations in structure, increases in the inulin diffusible space (Reimer et al., 1981b) or Ca ++ uptake, occurred in our experiments. Thus, free radicals, if generated, produced no detectable effect late in the reversible phase of ischemic injury.
The relationship of ATP availability to various ultrastructural changes in ischemic tissue has been a subject of investigation in ischemia (Jennings et al., 1978) . The results of the experiments reported here clearly establish that tissue ATP levels as low as 1.9 /imol/g wet weight are associated with an essentially normal ultrastructure after 20 or more minutes of reperfusion.
Conclusions:
The results show dearly that myocardium that has been badly but reversibly damaged by ischemia, survives, if it is reperfused. Nevertheless, the tissue does not return to control conditions for minutes, hours, or days, depending upon which alteration is being considered. For example, the adenylate charge is restored to control levels after 3 minutes, and the ultrastructure-except for isolated abnormal mitochondria-is restored to control after 20 minutes of reoxygenation, but the adenine nucleotide pool remains markedly depressed for 24 hours, and still is not restored completely after 4 days of reperfusion (Reimer et al., 1981a) . In addition, there are persistent alterations in volume control with edema persisting for 24 hours of reperfusion (Reimer et al., 1981a) and a significantly elevated tissue K + level persisting for at least 60 minutes (but not 24 hours) of reperfusion.
